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REMARKS 

Claims 12-14, 16-22, 26-29 and 33-38 are pending in this application. No claim 
amendments are being made. Reconsideration of the rejection is respectfully requested. 

Claims 12-14, 16-22, 26-29, and 33-38 are rejected under 35 U.S.C. 103(a) as being 
unpatentable over Chotani et al (US 2003/0203454) in view of Soma et al (US 5,494,819). 

This rejection alleges at the top of page 3 of the Office Action that Chotani teaches 
fermented plant extract and facultative anaerobic gram-negative bacterium, therefore it was 
"deemed that they live in symbiotic relationship." However, the attached article provides 
evidence to the contrary that this is technically incorrect and therefore a prima facie conclusion 
of obviousness cannot logically be drawn from the cited references, among other reasons. 

The attached reference, Genetic and Biochemical Characterization of the Pathway in 
Pantoea citrea Leading to Pink Disease of Pineapple, Journal of Bacteriology, Vol. 182, No. 8, 
Apr. 2000, p. 2230-2237, is an article about the pink disease of pineapple caused by Pantoea 
citrea. As mentioned in the discussion in the article on p.2235, col. 2: 

This study provides evidence for the presence of an oxidative pathway 
beginning with D-glucose and ending with 2,5-DKG in P.critrea. The end 
product, 2,5-DKG, is a highly chromogenic compound that turns intensely rusty 
red when heated and appears to be the primary contributor of the pink-to-red 
coloration associated with pink disease of pineapple. 

The rationale behind this work was to identify the complete pathway 
leading to the economically important pink disease of pineapple at the molecular 
level, using transposon mutagenesis and biochemical assays. 
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Pantoea citrea is not a bacterium which lives in a symbiotic relationship exclusively with a 
plant. In addition, it is not generally known that Pantoea citrea has 'the immunopotentiation 
effect" and Chotani does not disclose or suggest that Pantoea citrea has the advantageous effect 
of an immunopotentiator which can be obtained inexpensively and efficiently using safe 
materials as described in paragraph [0035] in the instant specification. 

Chotani and Soma do not logically combine as far as the claimed invention; and further 
do not logically suggest fermenting an extract and culturing a bacterium where the extract is 
made from the bacterium which lives in symbiotic relationship with an edible plant. Chotani 
does not disclose an immunopotentiation effect, Chotani does not disclose a symbiotic 
relationship bacterium and the combination with the disclosure of a pure culture of Pantoea 
agglomerans of Soma, without more, does not logically create a prima facie showing of 
obviousness. 

In light of the evidence presented herein it is respectfully requested that this rejection :>e 
reconsidered and withdrawn. 

In view of the above evidence, applicant believes the pending application is in condition 
for allowance. 
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The Director is hereby authorized to charge any deficiency in the fees filed, asserted tc 
be filed or which should have been filed herewith (or with any paper hereafter filed in this 
application by this firm) to our Deposit Account No. 04-1 1 05, 

Dated: November 28, 2008 Respectfully submitted, 



Ends: C. J. Pujol et al: Genetic and Biochemical Characterization of the Pathway in Pantoea 
citrea Leading to Pink Disease of Pineapple, Journal of Bacteriology, Vol. 1 82, No. 8, 
Apr. 2000, p. 2230-2237 (8 pages) 
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Genetic and Biochemical Characterization of the Pathway in 
Pantoea citrea Leading to Pink Disease of Pineapple 

CATHERINE J: PUJOLf and CLARENCE I. KADO* 
Department of Plant Pathology, University of California, Davis, California 95616 
Received 15 September 1999/Accepted 30 December 1999 

Pink disease of pineapple, caused by Pantoea citrea, is characterized by a dark coloration on fruit slices after 
autoclaving. This coloration is initiated by the oxidation of glucose to gluconate, which is followed by further 
oxidation of gluconate to as yet unknown chromogenic compounds. To elucidate the biochemical pathway 
leading to pink disease, we generated six coloration-defective mutants of P. citrea that were still able to oxidizt* 
glucose into gluconate. Three mutants were found to be affected in genes involved in the biogenesis ofotyp* 
cytochromes, which are known for their role as specific electron acceptors linked to dehydrogenase activities 
Three additional mutants were affected in different genes within an operon that probably encodes a 2-ketogluco 
nate dehydrogenase protein. These six mutants were found to be unable to oxidize gluconate or 2-ketogluco* 
nate, resulting in an inability to produce the compound 2,5-diketogluconate (2,5-DKG)* Thus, the production o^ 
2,5-DKG by P. citrea appears to be responsible for the dark color characteristic of the pink disease of pineapple 
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Pink disease of pineapple is characterized by the production 
of distinct dark orange -brown color produced in the fruit tissue 
after the heating process of canning (27). Since the fruits re- 
main superficially symptomless in the field, eliminating the 
disease by culling fruits either in the field or at postharvest is 
highly problematic and therefore of economic importance. 
Pink disease was first observed in Hawaii and was later found 
in Australia and in the Philippines (22, 24, 27). The incidence 
of seasonal factors, such as rainfall and temperature, were 
analyzed to reveal that flowering during wet weather preceded 
by dry periods increases pink disease occurrence (18). Confu- 
sion on the cause of pink disease remained for many years 
because four different bacteria were thought to be responsible 
for the disease: Erwinia herbicola, Gluconobaaer oxydans, En- 
terobacter aggtomerans, and Acetobacier aceti (28). However, 
recent molecular studies of the disease has identified Pantoea 
citrea as the causal agent of pink disease (8). 

P. citrea, a member of the Enterobacteriaceae family com- 
monly isolated from fruit and soil samples, was shown to ef- 
fectively produce 2,5-diketo-D-gluconic acid from D-gluconic 
acid and 2-keto-r>gluconic acid (20, 27). To identify the bac- 
terial genes involved in formation of the chromogenic com- 
pound (s) characteristic of pink disease, we used the virulent 
strain 1056R and developed an assay that enabled us to repro- 
duce the disease under laboratory conditions (7). We then 
generated and analyzed various chemically induced mutants of 
P. citrea that were unable to induce pink disease. This allowed 
us to show that one of the key steps leading to the coloration 
of pineapple juice was the oxidation of glucose to gluconate 
(7). In P. citrea, this process is carried out by two highly simi- 
lar, membrane-bound quinoprotein glucose dehydrogenases, 
GdhA and GdhB (7, 26). gdhA is constitutivcly expressed at 
very low levels, while gdhB is fully expressed to produce glu- 
conate from glucose (26). Mutants affected in the ability to 
oxidize glucose were able to carry out coloration of pineapple 
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when supplemented with gluconate in the growth medium, 
indicating that production of gluconate is the first seep in the 
pathway leading to the formation of the chromogenic com- 
pound^) (7, 26). 

To further characterize additional steps involved in color 
formation, we used transpositional mutagenesis to generate 
mutant strains of H citrea that, although still able co oxidize 
glucose to gluconate, are unable to color pineapple juice. Six 
independent mutants were isolated. Their biochemical and 
genetic characterization revealed that the genes implicated in 
pink disease are involved in the conversion of gli^conate to 
2-keto-r>ghiconate (2-KDG) and 2,5-diketo gluconate (2,5- 
DKG). We also identified several open reading fram>^ (ORFs) 
for genes required for the biogenesis of c-type cytochromes 
that are used as electron acceptors in the oxidation reactions in 
P. citrea. Taken together, our data show that accumulation of 
2,5-DKG is directly responsible for the intense coloration char- 
acteristic of pink disease of pineapple. 

MATERIALS AND METHODS 

Bacterial strains, media, growth condition*, and antibiotics. Alt bacteria) 
strains used in this study arc listed in Table 1. Escherichia coli strains were grown 
M 37"C in LB medium (29). P. citrea strains were grown at 3f*C either in 
Luria-Bcrtam (LB) medium containing rifampin, in mannitot-ghrtamate-yeasl 
(MGY) medium (8), or in pineappJe juke (8). All media were solidified wilh 
IJS% (wi/vol) Bacto Agar (Difco Laboratories). E coli and P. citr*a competent 
cells were transformed by clcctr operation as previously described (7). After 
transformation with pBluescript SKJf(-) [pBSSKII(-)] derivatives: E. coli trans- 
formanls were selected on LB agar plates containing ampicillin (100 jxg/ml), 
5-bromo.4-chJoro-3-indolyJ-B-D-galaclopyrarK>side (X-Gal; 40 u,gMI; DenviJle), 
and 0.1 mM isopropyl-fl-D-thiogaJaCTOpyranosidc (JPTG; Gibco-BSL Life Tech- 
nologies). Antibiotics (Sigma) were used at the following concentrations (micro- 
grams per milliliter): rifampin, 100; kanamycin, 15; tetracycline, VO and 15 for 
P. citrea and E. coli, respectively; and ampicillin, 250 and 100 for P. citrea and 
E. colu respectively. 

Pink test and coloration assay. The Pink lest was performed in pineapple juice 
as previously described (7). For the coloration assay, bacteria wsrc grown in 
MGY supplemented with various carbon sources (see below) for 3 days at 30X 
wilh gentle shaking (150 rpm). Tbc culture was then autoclaved for 5 mln ol 
121'C and the cells were removed by centrirugation (5,000 X g % 5 mm). The 
absorbancc of the supenralBnt was determined ipeciro photometrically at 420 nm 
in a Shimadzu spectrophotometer. 

Carbon sources. The carbon sources D-arabmose, r>celloblose fructose, d- 
fucosc, D-galactose, r>lactose, maltose, D-mclibiosc, rafllnosc, L-<hamnose, D- 
ribosc, saccharose, D-trehalosc, and D-xyiose were used al 100 mV. o-Gluconic 
acid, p-ghicosc, 2-keto-D- gluconic acid, 5-kcto-D-gluconic acid. 2.5-DKG. and 
gu Ionic acid were used at 50 mM. 
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P. CFTREA AND PINK DISEASE OF PINEAPPtf-E 2231 



TABLE 1. Bacterial strains and plasmids used 



Strain or plasmid 



Genotype or phenotypo 



Source or reference 



Escherichia coli 
DH5a 
S\7-\\pir 

Pantoea citrea 
1056R 
1058RC 
CP6C8 
CP9D9 
CP9G10 
CP15E7 
103CU 
105D2 

Plasmids 

pBluescript SK II 

pUCKm 

P BR322 

pBSL346 

pEC2 

pUCD5066 

pUCD5070a 

pUCD5070b 

pUCD5071 

pUCD5074 

pUCD5077 

pUCD5079 

pUCD5089 

pUCD5094 

P UCD6718 



hsdR17 (r* &>({acZYA-arzF)U169 $80d/acZAM15 supE44 ihl-1 recAl endAl gyrA96 relAl 
thi pro (r" m") recA RP4 2-Tc::fviu Km::Tn7 A pir Sm f Tp' 



Wild type, pink*; RiP 
gdhA ::cai; RiP Cm r 
Pink" derivative of 1056R; RiPTc r 
Pink" derivative of 1056R; RiP TV 
Pink" derivative of 1056R; RiP Tc/ 
Pink" derivative of 1056R; RiP TV 
Pink" derivative of 1058RC; Rif Cm r Tc r 
Pink" derivative of 1058RC; RiP Cm r Tc r 



ColEl origin; Ap r 

pUC18 derivative; Ap' Km r 

Tc r Ap r 

M'mWTnlO derivative; Tc r 

ccm operon of E, coii into pUCBM20; Ap' 

4-kb PvuU fragment from CP6C8 cloned into EcoRV of pBSSKII(-); Tc r Ap T 
3-3.3 -kb Afcrl fragment from CP9D9 cloned into ft/I of pUCKm; Tc 1 Ap r Km' 
3-3-3-kb Afcfl fragment from CP9G10 cloned into Psl] of pUCKm; Tc r Ap' Km r 
6-kb PvuU fragment from I05D2 cloned into EcoRV of pBSSKII(-); Tc r Ap' 
2.8-kb/4val fragment from 103C11 doned into Xma\ of pUCKm; Tc* Ap T Km r 
dsbD (3930 bp) from 1056R cloned into pBSSKII(-); Ap r 

9-10-kb PvuU fragment from CP15E7 cloned into £coRV of pBSSKII(-); Tc r Ap r 

orfB (2,169 bp) from IG56R cloned into pBSSKIl(-); Ap T 

ccmC (896 bp) from 1056R cloned into pBSSKII(-); Ap' 

9-kb EcoRT fragment from CP9G10 cloned into EcoRI of pBSSKII(-); Tc r Ap r 



29 
35 



8 

26 

This work 
This work 
This work 
This work 
This work 
This work 



Straiagene 

F. Chedin, unpublished data 
New England Btolabs 

41 

This woTk 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 



Plasmids and DNA manipulations. Cloning vectors and plasmids used and 
constructed in this study are listed in TabJc I. Plasmid screening was carried out 
by the alkaline lysis method of Birnboim (4). Large-scale plasmid DNAs were 
prepared using a Qiagen plasmid kiu Total DNA extraction was performed by 
the method of le Ricle ct al. (39). DNAs were cleaved with restriction endo- 
nucleases as specified by the suppliers (Bochringer Mannheim and New England 
Biolabs). Ligations were performed with T4 DNA ligase (Boehringer Mann- 
heim) according to standard protocols (29). 

Transposition mutagenesis. TnJO insertion mutanls were isolated by using the 
TnJ0 derivative pBSL346 (1). pBSL346 was introduced into P. citrea 1056R and 
1058RC by electroporation; the mutants generated were selected on solid LB 
medium supplemented with rifampin (100 ^ig/inl) and tetracycline (15 u.g/ml) 
and tested for the ability to color pineapple juke. Total DNA from a 5 -ml 
overnight culture of the putative mutanls was purified, digested with convenient 
restriction enzymes, analyzed by agarose gel electrophoresis, and transferred 
onto a Hybond N+ nylon membrane (Amersham). The bound DNA was then 
hybridized with an a-'^P-labeled probe corresponding to the 1.3-kb EcoRl-5ryl 
fragment containing the let gene from plasmid pBR322 to detect transposon 
TnJO. Fragments with sizes ranging from 3 to 9 kb were then purified from 
agarose gel with a Wizard purification kit (Promega), ligated into convenient 
unique sites of pBSSKII(-) or pUCKm vector, and transformed into E. coti 
DH5a competent cells with selection for tetracycline resistance (Tc r ). Among the 
Tc* tra informants, those containing plasmids of the expected size (vector plus 
insert) were selected for nucleotide sequencing. 

In mutants CP9D9 and CP9G10, the TnJ0 derivative was localized on two 
3.3-kb Afril chromosomal fragments, which were cloned into the unique Pst] site 
of pUCKm, yielding plasmids pUCD5070a and pUCD507Cb, respectively. In 
mutant 10SD2, the transposon was localized cn a 6-kb /^wll chromosomal 
fragment (see Fig. 3A), which was further cloned into the unique EcoRV site of 
pBSSKJI(-), leading to plasmid pUCD5071. To extend the size of the region, a 
9-kb EcoRl DNA fragment containing the transposon was isolated from CP9G10 
and was cloned into the EcoR] site of pBSSKIJ(-), yielding plasmid pUCD671 8. 
The sequence of a 4,349-bp DNA contig was then determined and analyzed. 

In mutant CP6C8, the Tc 1 marker of transposon TnJO was localized on a 4-kb 
fVuII chromosomal fragment. This fragment was cloned Into the unique EcoRV 
site of pBSSKJl(-), leading to plasmid pUCD5066. 

In mutant 103C11, the TnJO Tc* marker was localized on a 2.8*kb Aval 
chromosomal fragment, which was cloned into the unique Xmal site of pUCKm, 
leading to plasmid pUCD5074. In mutant CP15E7. the marker was localized on 
a 10- to 12-kb/Vull chromosomal fragment which, upon cloning into the EcoRV 
site of pBSSKIf(-), ted to plasmid pUCD5079. Nucleotide sequences of 
pUCD5074 and pUCD5079 revealed that the 2&YbAvo\ DNA fragment and the 
larger PvuU DNA fragment were overlapping. 



DNA hybridization, sequencing, and PCRs. Southern blot hybridizations were 
performed as previously described (29) and were carried out at 65°<* with Rapid- 
Hyb buffer according to the directions of the supplier (Amersham Wfe Science). 
Probes were prepared by nick translation (Boehringer ManrJieirn) using 
[o- 32 P]dCTP as the radioactive nucleotide (Dupont-NEN Products). DoubJc- 
stranded DNA sequences were determined by the didcoxy-chairv termination 
method (30) using a Scquenase version 2.0 kit (USB Amersham) with the M 1 3 
universal primers or convenient primers (Cibco-BRL Ufe Technologies) and 
[a- 35 S]dATP as the radioactive nucleotide (DuPont-NEN Products). The se- 
quences were run on a GenomyxLR sequencer (Cenomyx Co.). Sequences were 
compiled and comparative analyses were made with the Wisconsin Package 
version 9.0 (Genetics Computer Group, University of Wisconsin, Madison) and 
the BlastN and BlastX programs developed by the National Ccntcf for Biotech- 
nology Information. Ail PCRs were carried out m a GcncAmp PCR System 2400 
apparatus (Per kin-Elmer), using the recombinant Pftt DNA potyiiierasc (Strai- 
agene) and convenient primers (Gibco-BRL Life Technologies^ . Nucleotide 
sequences of the constructs were verified to ensure that the inability to comple- 
ment the mutant was not due to mutations introduced during he PCRs. A 
2,169-bp fragment containing the orfB gene was amplified using primers 5070-11 
(5'-AACGGGACAATCAGTTCAGC-3' nucleotides [nt] 889 \o 908) and 
5071-R1 (5 '-AACGCTX3TCTTACTGCCG-3 ' ; nt 3058 to 3041) along with total 
DNA from strain 1056R as the template. The amplified fragments were then 
cloned into the EcoRV site of pBSSKII(-), yielding plasmid p.JCD5089. A 
3,848-bp DNA fragment containing orfA, orfB, and orfC was amplified using 
primers StartEcoRl (5'-AGCA GAATTC GCGCCTTGTAACA CECCACCGC- 
3'; ni 483 to 512) and EndBamHl (5 ' -TCTG GTGGATCCTTCA( M GTTC A G 
TGATGTTAAGC-3'; nt 4331 to 4298) (the underlined nucleotides represent 
restriction sites for EcoRJ and Bom HI, respectively). After digestion of the PCR 
product with the EcoR} and BamHL the fragment was cloned into ')BSSKn(-), 
previously digested with the same enzymes. 

The dsbD gene was amplified using primers 5066PCRI (5'^GTaGTATCTG 
CTC ATGT AC-3 ' ; nt 1971 to 1953) and 5066PCR2 (5-ATACGGa.GCATCAA 
CAGGAC-3'; nt 41 to 60) along *ith total DNA from wild-type sixain I056R as 
a template. The resulting 1,930-bp fragment was cloned into the £ coRV site of 
pBSSKJK-X yielding plasmid pUCD5077. 

The ccmC gene was amplified using to tal DNA from strain ^056R as the 
template and primers heml (5' -TGGCACCJ I I 1GCCACAGCC GCAGCGG- 
3'; nl 2061 to 2107) and hcm2 (5'-GCCAGACATAGAAGGCAT/ju\CCTCCC-- 
3'; nt 2977 to 2952). The resulting R96-bp fragment was cloned intft ihc EcoR V 
site of pBSSKJI(-), to yield plasmid pUCD5094. 

Dehydrogenase assays. In vivo glucose dehydrogenase activity wan detected on 
solid MGY supplemented with 2% fwt/vol) glucose and eosin yelk^v-methylene 
blue as previously described (26). 
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FIG. 1. Involvement of sugars in pink disease color. P. citrea 1056R cells were 
grown for 3 days in MGY supplemented with 50 mM sugar substrates from the 
Enlner-Doudoroff pathway as described In Materials and Methods. The growth 
medium was then autoclaved for 5 min at 121°C cells were removed by centrif- 
ugation, and the relative OD (inoculated medium versus non inoculated medium 
treated under the same conditions) was measured ai 420 nm, Each bar corre- 
sponds to the mean of three independent measurements with standard deviation. 



Detection of gluconate dehydrogenase activity was adapted from the method 
of Bouvet et a I. (5). Bacteria were grown Overnight in 5 ml of MGY supple- 
mented with SO mM D-gluconic acid and then collected by centrrfugation 
(2,700 X g for 3 min). The pellet was rinsed once with fresh sterile MGY and 
Tesuspended in 50 u-l of sterile water. Then 10-^1 aliquou of bacteria] suspen- 
sions were dispensed into the wells of a microti ter plate, each well containing 100 
pj of solution A (0.2 M acetate buffer [pH 5.21, 1% [voVvol] Triton X-100, 25 
mM MgS0 4 , 50 mM gluconate, 1 mM iodoacetete). The microliter plate was 
incubated at 30*C foT 20 min with gentle shaking (100 rpm). Then 10 oJ of 0.1 M 
potassium ferricyanide was added to each well, and the plates were incubated at 
30°C for 40 min with shaking (100 rpm). Finally, 50 pJ of solution B [0.6 g of 
Fe 1 (S0 4 ) 3 , 0.36 g of sodium dodecyl sulfate, 11.4 ml of 85% phosphoric acid, 
distilled water to 100 ml) was added to the wells. Wells were examined for the 
development of a green to blue color within 15 min at room temperature. The 
color of the negative control (MGY medium without bacteria) remained yellow. 

The 2-ketoglueonate dehydrogenase assay was the same as described above, 
except that the cells were grown in MGY supplemented with 50 mM 2-keto-D- 
gluconate and solution A contained 50 mM 2-kelo-D-gluconate instead of d- 
gluconatc. 

TLC. Qualitative detection of D-gluconate (D-Gln), 2-KDG, and 2^-DKG was 
done by thin-layer chromatography (TLC) according to Joveva et al. (19). The 
three acids were separated on Silica Gel 60 plates (20 by 20 cm; Whatman) 
impregnated with 5% meta phosphoric acid, using a rwo-step migration. The first 
migration was done in solvent A (isopropanol -pyridine -water -acetic acid {8:8:1: 
4]) until the front of the solvent was 12 cm away from the start. The plate was 
then air dried, and the second migration took place in solvent B (isopropanol- 
pyridine-water-acctic acid [8:8:3:4]) until the front of the solvent was 18 cm away 
from the start. The plate was then air dried before spraying freshly prepared 
reactive C (p-anisaldehyde 0.5% [Sigma] in methanol-sulfuric acid-acetic acid 
[9:5:5]). Finally the plalc was dried under vacuum at 120"C for 10 to 15 min. The 
retention front (fy) values corresponding to D-gJucose, o-Gln, 2-KDG, and 
2,5-DKG are 0.56, 0.36, 036, and 0.28, respectively. Despite the fact that D-Grn 
and 2-KDG show the same Hf, the two compounds are easily distinguishable 
since r>G!n gives a light blue spot, while the spot corresponding to 2-KDC is 
dark brown. 

Nucleotide sequence accession numbers. The nucleotide sequence of the dsbD 
gene, Ihe ccm opcron, and the putative 2-kctogloconate dehydrogenase opcron 
are deposited in GenBank with accession no. AF102175, AF103874, and 
AF 13 1202, respectively. 

RESULTS 

Glucose catabolism is responsible for development of pink 

disease, We previously showed that the oxidation of i>glucosc 
to D-GJn is the first step leading to pink disease of pineapple (7, 
26). Since glucose dehydrogenases can oxidize glucose and 
other aldoses to their corresponding acids (9, 17), we wanted to 
determine more precisely which sugars can be used as sub- 
strates to produce the coloration of pineapple juice by P. citrea. 
For that purpose, P. citrea 1056R was grown for 3 days in MGY 
medium containing 100 mM carbon source (as described in 
Materials and Methods). The cultures were autoclaved, and 



the relative (before and after bacterial growth) turbidity (op- 
tical density [OD]) of the supernatant was measured sit 420 nm. 
A substantial increase of the OD is observed when glucose is 
present in the medium, indicating that glucose is th<*. key sub- 
strate leading to the dark coloration of pineapple juice. 

In bacteria which possess -a direct glucose oxidation metab- 
olism, r>glucose is oxidized to r>Gln, which can be further 
oxidized into 2-KDG or 5-KDG by membrane-bmind glu- 
conate dehydrogenases 55). Furthermore, a number of Aceto- 
bacter, Erwinia, and Qluconobacter species are able to oxidize 
2-KDG to 2,5-DKG by membrane bound 2-ketoglueonate de- 
hydrogenases (5, 43). We therefore decided to test 'these dif- 
ferent compounds for the ability to be used as a sutetrate for 
the dark coloration characteristic of pink disease. We supple- 
mented liquid MGY medium with 50 mM D-gluccse, r>Gln, 
2-KDG, 5-KDG, or 2,5-DKG and measured the relative ab- 
sorbance of the clarified medium supernatant after 3 days of 
growth, as described above, As shown in Fig. 3. coloration of 
the medium was observed with three of the sugars, with the 
mast intense coloration obtained with 2-KDG. Interestingly, 
addition of 5-KDG or 2,5-DKG to the medium appears to have 
no effect on the absorbance after growth (Fig. 1). In the case of 
2,5-DKG, this is because when put into solution, xhis sugar 
already forms the dark orange color characteristic of pink 
disease (data not shown). Therefore, although no increase in 
the intensity of the color was observed after growth ctf P. citrea, 
the results suggest that pink disease is due to the accumulation 
of 2,5-DKG. 

Isolation of color-deficient mutant 9. We recently character- 
ized color-deficient mutants of P. citrea that are affected in the 
ability to oxidize glucose to gluconate, allowing the identifica- 
tion of the first step of the pathway leading to pink disease (7, 
26). To identify additional genes involved in the disease, and to 
confirm our physiological studies using various derivatives of 
r>glucose, we used Tn70 transposon mutagenesis te- generate 
mutant strains of P. citrea that are unable to color pineapple 
juice but can still carry our the first oxidation step. Plasmid 
pBSL346 (1) containing transposon TnlO was introduced into 
P. citrea 1056R as described in Materials and Methods. Of the 
2,578 independent Tc r mutants obtained, 8 were unable to 
color pineapple juice; of these 8, 6 were still able to oxidize 
glucose into gluconate. The phenotypes of these s>x mutants 
(CP6C8, 103C11, CP15E7, CP9D9, CP9G10, and 105D2) re- 
garding the ability to color pineapple juice are shown in Fig. 2 
and Table 2. The genes affected in these mutants w*re cloned 
and sequenced, and their functions were analyzed as described 
below (Fig. 3). 

Identification of a three-gene operon encoding a dehydroge- 
nase complex involved in pink disease formation. Sequencing 



Juice I056R CPGCH CP15E7 105D2 I03C1I CP9C9 CP9G10 




FIG. 2 Phenotypes of various R cifltw mutants unable lO induct pink disease 
of pineapple. Strains were grown for 3 Jays in pineapple juice at D°C and then 
autoclaved for 5 min at 121 "C The citrea wild-type strain (1056*) was able to 
color pineapple juice, while mutanl* CP6C8, CP15E7, 105D2, 103121 1, CP9D9. 
and CP9G10 were not . Pineapple Juice medium that was not Inoculated with 
bacteria remained yellow. 
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TABLE 2. Color-forming activity of P. ciirea mutants 



Strain 



Color-forming 
activity (%)• 



1056R 100 

CP6C8 5.8 ±2.0 

103a 1 1.5 ±0.7 

CP15E7 .' 2.4 ±0.4 

CP9D9 24.3 ±0.7 

CP9G10 38.3 ±2.4 

105D2 17.4 ±2.8 

0 Measured at 420 nm after 3 days of growth n pineapple juice. Each value 
corresponds to the mean of six measurements ± standard deviation. 



of the CP9D9, CP9G10, and 105D2 insertion sites revealed 
that the transposon was inserted at the same locus, orfB, in all 
three cases (Fig. 3A). Further sequencing of the region flank- 
ing this locus indicates that it contains two additional genes, 
orfA, and orfC (GenBank accession no. AF131202). orfA, orfB, 
and orfC are likely to be organized as an operon, since no 
transcription termination signal could be detected between 
them. Intriguingly, no obvious expression signals (-35 and 
-10 boxes, ribosome-binding sequence) were detected up- 
stream of the operon. However, upstream of orfA in the contig 
is a partial ORF (nt 1 to 443) showing 62% similarity at the 
amino acid level with a hypothetical ABC transporter ATP- 
binding protein of Methanococcus jannasckii (6) (data not 
shown) (Fig. 3A). This partial ORF is followed by a potential 
rho- independent transcriptional terminator 79 bp downstream 
of the stop codon (nt 524 to 537), indicating that it belongs to 
a separate transcriptional unit. 

The first gene of the operon, orfA (nt 633 to 1200), can 
encode a novel protein of 189 amino acid residues. It is fol- 
lowed by a second putative gene, orfB, with no obvious tran- 
scription terminator being located between the two elements. 
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The putative gene product 
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dehydrogenase complex 
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subunit (OrfC) and a third 
tion (OrfA). 

The three transposon 
at positions 1858 and 2703 
Tn70 is inserted in opposite 
3 A). Thus, orfB appears to 
' Note that we cannot rule 
which was also likely affecte^l 
effects of the insertion 

To verify that the 
and 105D2 is due to the 
P UCD5089 and pUCD509|2 
gene cloned in both 



105D2 



encoded by orfB shares A4% simi- 
rogenase subunit precursor from 
shown) (43). Four potential start 
located at positions i::25, 1228, 
Depending on which of these initiating 
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po ssible start codon of orfZ is more 
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subunjit of A. pofyoxogenes (3£) and the 
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ABC transporter orfA 

633-1200 



2884 



orfB: dehydrogenase sub-unit 



orfC: cytochn 

2766,28837 



CP6C8 



H ^1 



ISO 



cutA 



1884 

dsbD Thioredoxin 

family active site 



cuiA3 



103C1I 



CP15E7 



2174 2912 

ccmA ccmB ccmC D ccmE 
851-1473 1468-2125 3141-3615 

FIO. 3. Schematic representation of the genes inactivated by transposition mutagenesis. Thin arrows represent the 
Genes inactivated are designated by arrowed boxes; other genes ore marked by dart arrows. Coordinates of genes arc 
105D2. Tn/0 is inserted at nt 1858 (in opposite orientation in CP9D9 and CP9O10) and 2703, respectively. The se 
(B) Mutant CP6C8. TnJO is inserted at ni 1186. (C) Mutant* CP15E7 and 103C11. TnJ0 is inserted, in opposite 
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In mutants CP9D9 and CP9G10, 
orientation at position 4858 (Fig. 
be essential for color tormation. 
<j>ut potential contribution by orfC 
in the three mutants, dt*e to polar 

deficiency of mutants CP9D9, CP9G10, 
inactivation of orfB, we constructed 
containing the full-length orfB 
orientations with respect to thei lacZ pro- 
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5 c sub-unit 

3954 
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7230 



ccmF ccmO i TcmH 

3624-5589 5588-6143 6151-6706 

insertion with the name o % 
i idicatcd. (A) Mutanl CP9D9, CP 
quence of tho ABC transporter gene \i only partial, 
i, at nt 2595 and 2604, respectively. 
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FIG. 4. Qualitative detection of D-Gln, 2-KDG, and 2.5-DKG by TLC /* citrea wild-type (1056R) and mutant strains 
with 50 mM -o-glucose, D-Gln, or 2-KDG; of the culture supernatant were deposited on a Silica Gel 60 TLC plate 
Methods. Controls correspond to 5 til of MGY supplemented with the corresponding sugar. The wild- type strain was able 
presence of D-glucose, o-GIn, or 2-KDG. (A) 1056R and mutants strains CP6C8 (dsbD) and CP15E7 (ccmC). Mutants 
r>Gln. (B) 1056R and mutants strains CP9D9 and CP9G10 (orfB). These mutants are able to oxidize D-Gln to 2-KDG but 
indicate the position of the running front of each sugar. 



were grown in MGY medium supplemented 
and analyzed as described in Materials and 
<o accumulate 2,5-DKG when^rown in the 
OftSCS and CP15E7 were able to <» reduce only 
are unable to accumulate 2,5-DKG. Arrows 



moter of pBSSKII(-). We introduced these plasmids into 
strains CP9D9, CP9G10, and 105D2 and tested four indepen- 
dent transformants in complementation assays. Results indi- 
cated that none of the transformants restored the ability of the 
strain lo induce the coloration of pineapple juice (data not 
shown). This result could simply indicate that orfB was not 
expressed in our construct, or that the defect in the three 
mutant strains is due to a polar effect of the transposon inser- 
tion on orfC. To test these hypotheses, we cloned orfC alone, as 
weJ] as a fragment containing both orfB and orfC or orfB and 
orfA (data not shown). However, none of these constructs 
could complement the mutants, strongly suggesting that the 
three genes are necessary for complementation. We could rule 
out a polar effect on an ORF downstream of orfC since no 
significant ORF (longer than 60 aa) could be detected down- 
stream of orfC (data not shown). We then amplified a 3,848-bp 
DNA fragment containing the three ORFs, as described in 
Materials and Methods, and added the ligation mixture to 
E, coli DH5ot competent cells. However, none of the transfor- 
mants contained an insert of the correct size: all of the plas- 
mids recovered after transformation carried deletions, suggest- 
ing that the operon might encode a product that is toxic to 
E. colt. Our attempts to clone the operon directly in P citrea 
CP9D9or in a lower-copy-number vector (such as pACYCl84) 
were also unsuccessful (the plasmids recovered after transfor- 
mation also carried deletions), again suggesting a toxic effect 
results when the entire operon is expressed. 
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TABLE 3. Similarity between P. citrea and 
E. coli ccm gene products 



No. of residues 



Gene 


P. citrea 


e. con 


% Similarity 


% Identity 


ccmA 


208 


205 


67 


57 


ccmB 


219 


220 


74 


67 


ccmC 


246 


245 


82 


75 


ccmD 


77 


69 


61 


48 


ccmE 


158 


159 


' 75 


66 


cemf 


655 


647 


76 


69 


ccmG 


185 


185 


83 


75 


ccmH 


185 


350 


69° 


55- 



* On 127 amino acid residues. 



82% similar to the CcmC protein of E coli and was therefore 
called ccmC. The nucleotide sequence of a 7,130-bp fragment 
of pUCD5079 showed that ccmC belongs to a gene cluster 
highly homologous to the ccm cluster of £. coli which is re- 
quired for cytochrome c maturation (41) (Fig. 3C). A total of 
eight genes could be identified around ccmC: ccmA (nt 851 to 
1475), ccmB (nt 1468 to 2125), ccmC (nt 2174 to 2912), ccmD 
(nt 2911 to 3142), ccmE (nt 3141 to 3615), ccmF (nt 3624 to 
5589), ccmG (nt 5588 to 6143), and czmH (nt 6151 to 6706). 
All of those genes aie very likely arranged in an operon struc- 
ture, since no transcriptional terminator could be detected in 
the 7-kb sequence or after the 3' end of the equivalent of the 
ccmH gene. As in E. coli, the start codon for ccmE would be 
GTG instead of the usual ATG. Except for ccmH, the genes of 
the cluster encode proteins whose size is equivalent to their 
counterparts in E. coli (Table 3). The putative CcmH protein 
of P. citrca is only 185 aa, while in E. coli it is 350 aa. However, 
CcmH of P. citrea is 60% similar, and closer in size, to the CycL 
protein of Pseudomonas ftuorescens (156 aa), which is also 
required for the biogenesis of c-rype cytochromes (42). 

A plasrnid containing the full-length ccmC gene, pUCD5094, 
was constructed and introduced into mutants 103C11 and 
CP15E7 for complementation assays. For randomly indepen- 
dent transformants were selected and tested for the ability to 
induce pink disease. All of them were able to color pineapple 
juice at a level identical to that for the wild-type strain, showing 
that a defect in CcmC was solely responsible for the inability to 
color pineapple juice (data not shown). 

The fact that genes involved in cytochrome c maturation are 
responsible for the phenotype of mutants 103C11 and CP15E7 
was also confirmed by complementation of these two strains 
with plasrnid pEC2, which contains the whole ccm operon of 
E. coli (41). 103C11 and CP15E7 cells harboring pEC2 were 
able to color pineapple juice, although the intensity of the 
color was only 60% of that oblained with the wild-type strain 
(data not shown). 

The pink" mutants are deficient tor gluconate or 2-KDG 
dehydrogenase activity. The pathway forming 2,5-DKG from 
r>glucose oxidation appears to be responsible for the colora- 
tion of pineapple juice. To determine directly at which step 
of the pathway the mutants were affected, CP6C8 (dsbD), 
CP15E7 (ccmC), and CP9D9 and CP9G10 (orfB) cells were 
assayed for gluconate dehydrogenase and 2-KDG dehydroge- 
nase activities as described in Materials and Methods. No 
gluconate dehydrogenase activity was detected in mutant 
CP6C8 or CP15E7, while mutants CP9D9 and CP9G10 were 
able to oxidize D-Gln. However, mutants CP6C8 and CP15E7 
were able to oxidize 2-KDG, while mutants CP9D9 and 
CP9G10 were not (data not shown). These results were 



confirmed by direct deletion of 2-KDG and 2,5 DKG by 
TLC. P. citrea wild-type stnun 1056R and the above mutants 
were grown for 3 days in MGY medium supplemented with 50 
mM r>glucosc, D-Gin, or ; -KDG, and culture supernatants 
were analyzed by TLC (see Materials and Methods). As shown 
in Fig. 4, P. citrea 1056R accumulates 2,5-DKG when grown in 
the presence of D-glucose, D-Gln, or 2-KDG. When mutant 
strains CP6C8 and CP15E 7 : were grown in the presence of 
glucose or gluconate, only a veak light blue spot corresponding 
to gluconate was detected (data not shown); no spot charac- 
teristic of 2-KDG was dete<*ed. However, when those strains 
were grown in presence of 2-KDG, a spot corresponding to 
2,5-DKG was visible, although to a lesser intensity -than with 
the wild- type strain (data not shown; see Discussion). These 
results indicate that strains CP6C8 and CP15E7, deficient for 
dsbD and ccmC, respective y, are affected in their gluconate 
dehydrogenase activity anc , to a lesser extent, in the ability 
to oxidize 2-KDG. In con rast, mutant strains CF9D9 and 
CP9G10, deficient in orfB f were able to product 2-KDG when 
grown in presence of glucose or gluconate but could not con- 
vert this compound to 2,5-DpCG (Fig- 4B), confirming that they 
lack 2-KDG dehydrogenase activity. Taken together these re- 
sults demonstrate that production of 2,5-DKG by th>s pathway 
in P. citrea is responsible fcjr pink disease of pineapple. 



This study provides evidence for the presence of ar, oxidative 
pathway beginning with D-glucose and ending with 2,5-DKG in 
P. citrea. The end product, 2,5-DKG, is a highly chtomogenic 
compound that turns intensely rusty red when h&ated and 
appears to be the primary (xsntributor of the pink-to-red col- 
oration associated with pink disease of pineapple. 

The rationale behind this work was to identify the complete 
pathway leading to the economically important pink .disease of 
pineapple at the molecular level, using transposon mutagenesis 
and biochemical assays. Previously, we showed that, oxidation 
of r>glucose to D-Gln was required for the disease (7, 26). 
However, addition of -r>GIn in the medium could bypass the 
need for glucose dehydrogenase activity, indicating that the 
complete pathway included at least one additional step. In 
Erwirtia sp., r>Gln can be converted to 2-keto gluconate or 
5-keto gluconate by membiane-bound dehydrogenases linked 
to the cytochrome chain that Telease the products in the 
periplasmic space (33, 34, 37). We showed that sugars of the 
Entner-Daudoroff pathway, 5-DKG, L-gulonic acid, and sugars 
of the pentose phosphate pathway were not involved in the 
dark coloration by P, citrea (Fig. 1 and data not shown). How- 
ever, 2-KDG allowed for ar, intense coloration of the medium 
by P. citrea, demonstrating that conversion of D-glwconate to 
2-KDG was a second impcrtant step in the pathway (26). 2- 
KDG can then be further c xidized to 2,5-DKG. Interestingly, 
the addition of 2,5-DKG to the culture medium produced the 
red color characteristic of pink disease, even in the absence of 
bacterial growth, strongly suggesting that accumulation of 2,5- 
DKG by P. citrea is respons ble for the coloration ofrpineapple 
juice (data not shown). 

This scenario received strong support from oar genetic 
screen of P. citrea mutants vhich are deficient in th<s ability to 
induce the disease. The fin t series of mutants, conssponding 
to strains CP6C8, 103C11, ind CP15E7, arc unablcto oxidize 
D-Gln to 2-KDG and are therefore affected in their D-glu- 
conate dehydrogenase act vity (Fig. 4B). The second series 
of mutants, corresponding to strains CP9D9, CPK310, and 
105D2, are clearly deficient in the ability to convert 2-KDG to 
2,5-DKG. The reason behind these deficiencies were, however, 
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multiple and therefore allowed us to gain insight regarding the 
catabolism of glucose in P. citrea and the use of cytochromes c. 
c-type cytochromes are found in many respiratory chains and 
are usually located in the periplasm or attached to the periplas- 
ms side of the cytoplasmic membrane (13, 14, 25). They serve 
as specific electron acceptors linked to various oxidation reac- 
tions, including those resulting from dehydrogenase activities 
(10, 32, 43). 

Mutant strain CP6C8 (Fig. 3B) is inactivated in a gene po- 
tentially encoding a 578-aa protein that is very (70 to 80?%) 
similar to the disulfide bond isomerase proteins DsbD and 
DipZ of E. coli and Haemophilus influenzae, respectively (data 
not shown). In E. coli, DsbD is involved in the biogenesis of 
c-rype cytochromes by maintaining cytochrome c apoproteins 
in the correct conformation for the covalent attachment of 
heme (11). In E. coli, DsbD is a cytoplasmic membrane protein 
with a thioredoxin-like domain at its C terminus, a domain that 
is also found in the DsbD protein of P. citrea (aa 484 to 512) 
(23). Mutant strains 103C11 and CP15E7 (Fig. 3C) are defec- 
tive in a 738-bp gene showing 80% identity with the ccmC gene 
of E. coli. This gene is part of an eight- gene opeTon which 
shares significant homology, and a conserved structure, with 
the can operon of E. coli (Table 3). This operon encodes eight 
membrane-associated proteins required for cytochrome c mat- 
uration in E. coli (for a review, see reference 40). More spe- 
cifically, CcmC is required for the transfer of the heme pros- 
thetic group of c-type cytochrome to the newly synthesized 
apocytochrome c (31, 32). Taken toge:her, these three mutant 
• trains are affected in genes involved in the biogenesis of c-type 
cytochromes. 

In P. citrea, a defect in the biogenesis of c-type cytochromes 
is responsible for a failure of gluconate dehydrogenase activity. 
It is worth mentioning that when 2-KDG was added to the 
growth medium of these mutant cells, only a small amount of 
2,5-DKG was detected, indicating that c-type cytochromes 
might also be involved in 2-KDG dehydrogenase activity (data 
not shown). In contrast, r>glucose dehydrogenase activity was 
not affected in these mutants, in agreement with our previous 
results showing that this reaction uses pyroloquinoline qui none 
as an electron acceptor (26). 

Mutant strains CP9D9, CP9G10, and 105D2 are affected in 
a putative 1,659-bp gene (orfB) that appears to be part of a 
three-gene operon (Fig. 3A and 4). The corresponding protein, 
OrfB, shared 34% similarity with the £. cypripedii membrane- 
bound gluconate dehydrogenase. In this organism, the gluco- 
nate dehydrogenase is thought to be composed of three sub- 
units corresponding to the dehydrogenase itself, a cytochrome 
c subunit, and a third small subunit of unknown function (43). 
A similar organization has also been reported for Glucono- 
bacter dioxyacetonicus (34). Interestingly, the product of the 
third gene of the P. citrea operon, OrfC, shows 60% similarity 
to the cytochrome c subunit of the E. cypripedii gluconate de- 
hydrogenase complex (43), as well as to the A aceti alcohol de- 
hydrogenase (38). This rinding, together with our results re- 
garding the phenotypc of the orfB mutations, allows us to 
suggest that the P. citrea operon encodes for a three-subunit, 
2-keto-r>gluconate dehydrogenase. This enzyme therefore car- 
ries out the fast step of the pathway leading to the accumula- 
tion of 2,5-DKG, the likely cause of the dark coloration of 
pineapple. 

A way to confirm the hypothesis that the accumulation of 
2,5-DfCG by P. citrea is the cause of the pink coloration is to 
use a 2,5-DKG reductase that would catalyze conversion of 
2,5-DKG to 2-keto-L-gulonic acid (2-KLG), as is observed in a 
number of organisms such as Corynebacterium sp. (3, 36). 2- 
KLG can then be further reduced to gulonic acid, which is not 
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medium (data not show). For this 
plasmid pTrpl-35 containing the 2,5- 
Corynebacierium sp. (3, .11) into P. 
transfprmants still retained tha ability to 
not shown). This negative result 
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33 times lower than mat of the 
Corynebacterium sp. used by Grind- 
<to 2-KLG in a recombinant strain 
explain why 2,5-DKOj was not 
experiments. A second possibility is 
enzymes that efficiently redi^e 2-KLG 
gluconate, which in eftsct would 
for the 2-KDG dehydrogenase, 
reductases from acetic acid bacteria are 
of 2-KLG to L-idona±e and are 
to r>gluconate (2, 44). . n support 
Experiments showed that 2,5-DKG 
the presence of ptasmicfc pTrpl-35 
the failure of our attempt to 
2,5-DKG does not disprove our 
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the biochemical pathway leading 
~, which we now identify as the 
sponsible for the dark olor char- 
pineapple. 
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